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AFX INVESTIGATION OF AIRCRAFTT HHATERS
XVII - BXPERIMENTAL INQUIRY INTO STHADY STATE
UNIDIRECTIONAL HEAT-MRTER OORRZOTIONS

By L. li, X. Boelter, H., ¥, Poppendlek, and J., T, Gier
SUMMARY

Section I of thlie report discusses & correctlion which
nust be applled to the heat meter when it 1s being used at
other temperatures than that at which 1t was calibrated, as
the thermoselectric power of a thermocouple and the propertles
of the heat-meter material are a funoction of temperature,
Predicted and experimental results for this temperature cor-
rectlon are presented,

Sectlon II of this report contains the results of the
application of the two methods of correcting the heat-
transfer rates for contact and hoat-meter resistance to ex-
poerimental data taken in the laboratory. From the resulting
computations coertaln limltations on tho uso of the two meth-
ods wore obtained,

IFNTRODUCTION

The theory and tee of heat meters for the measurement
of rates of heat transfer whioch are independent of time have
been treated in reference l, Two methods of correctling for
contact and heat-meter resistance have been derived in ref-
erenco 1l,

The present report utilizes experimental data to ilnves-
tigate the application of the two methods of correcction for
contact and heat-moter reslistance,
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Because some of the properties of the heat meter vary
wlth temperature, a correctlon muast be applied to the heat-
meter readings when usced at temperatures other than that at
"which 1t was calibrated. Predictions of this correctlon are
conmpared wlth oxpoerimental rosults obtained at low tLempera-
tures.

An enalyesls of the usee of tho hoat meter under translent
conditions of heat transfer is important, This analysls will
appoar in a forthoomlng report.

This investigation, conducted at the University of
California, was sponsored by, and conducted with financial
asslstance from, the National Advisory Committee for Aero~
neutica,

The authors of thieg paper wilish to acknowledge the great
assistance obtalned from the staff of the Western Regional
Laboratories in Albany, Calif,, where low-temperature rooms
were made avallable; the Naval Alr Station in Alameda, Callf,,
for the ugse of winter flyingz suits in low~temperature rooms;
and Mesars, D, Turner, H, Poselend, E. H, MHorrin, and R,
Bromberg for thelr help in obtalning data and preparing this
report, '

I, TEMPERATURE CORREOTIONS TO HEAT NMETER

The electromotive force generated by the thermopille
element of the heat meter is subJect to corrections under
conditlons of use in which the tomperature of the heat meter
diffors from the callbration temporature; this difforonce 1s
duo t0 a variation of hoat-meter properties (thermal conduec-~
tivity, thormoolectric powor, and dimensions) with tempora-
turo, Stoady state unidiroctional heat flow conditlons will
bPo consldored 1n thls report,

SY!BOLS

h electromotive force generated by thermopile, millivolts

emf thermocouple eiectromotive force, millivolts

e = ﬁ—%ﬁgil thermoelectric power of thermocouples,

millivolte/°P
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fq unit thermal convective conductance, Btu/hr ft2 o

k. thermal conduotivity of material of which heat meter is

o
constructed, Btu/hr ft’(;:—

n numnber af palrs of junctions 1n thermopile

Ly

_ rate of heat transfer per unit area through meter in

A the direection hot to cold Junction, Btu/hr £¢2

t temperature, °F

b temperature of heat meter indicated by heat-meter thermo-
couple which 1e located bPetwgen laminatlions of heat
meter as shown in figure 2, F (also see refercnce 1,
fig. 1 ) .

o temperature coefficlient of thermal conductivity dofined:

by equation (4) k = kg [1 + a (ty -~ tno)]. é;

B thermal coefflclont of linear expension of heat-meter

material, g%‘dofinod by oquation (5) Ax =
Ax, [1 + B (5 - tHO)]

Ax distanco between hot and cold Junctions of thormopile
element, ft

At tonperature of hot junction minus tomperature of cold
Junction, op

At' temporature difference between hoat-meter surface and
ambient air, °F

T, eambient air temporature, °F

Subgeripts:

o refers to datum or calibration temperature for heat
meter

M rofors t0 heat moeter
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l. Predioted Performance

Provided the tharmoeslectriz vower e io not a funetion
of the temperatura, 5r wrovidei the boaperature difference
At 18 small, the uvicoutromotive force genereted dy the
thermopile elenent (referenca 2) may be expreused as follows:

B = neAt ' (1)
where
K voltage gensrated by thermopile
n number of pairs of Junctions in thermopile

e thermoelsétric power.of a thermoscouple

At temporature of hot Junctions minus temperature of cold"
Junctions

The temperature difference At is caused by the unit
heat flow k3.4 through the heat meter and may be calculated

A
by means of the conduction equation v

¥ ., 4t
A k Ax (2)

where
k thermal conductivity
Ax dlstance betweon cold and hot Jjunctions

From equations (1) and (3)

I=ne%-q-u (3)

ne

The quantity (
k

l - - -
AE) determines the callbration of a heat
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meter; because the terme in this expression cannot dbe pre-
dlcted accurately, it 1es necessary to calibrate the heat
meter,

If the thermal conductivity k and the dimension Ax
are expressed as a functlon of temperature,

k = kg [1 + a(ty - tHO)J (4)

Ax = Axg [1 + Bty - tuo)] (5)
wvhere

ty and tu heat-meter temperatures taken t0 be uniform be-
0 tween hot and cold Junctlions because A%t 1s

small

(o thermal oconductivity coefficlent defined by
equation (4)

B thermal expanslon coefficlient defined by equa-
tion (5?

ty ) temperature of heat meter

The subsoript o refers to some given temperaturs of the
heat meter (consider this to be itho datum or calibration
temperature of the heat meter).

The electromotive force in millivolts of g silver-
constantan thermocouple is:

emf = 0,02186 t + 0,0000153 t? - 0,715 (6)
(the reference junction is at 32° F)
The thermoelectric power of a thermocouple (e = 9(_:.%12_)_> ob-

tained by differentiation of equation (6) is

e = 0,02186 + 0,0000306 by (7)

" Substituting (4), (B), and (?) into equation (3), the
general relation for the thermopille voltage is:
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; - :
| Ax, |1 + ﬁ(tn-tu ). qQ
o
t. . .- B = n{0.02186 + 0.0000306 t) __-L ___________ ol M (8)

kO I]. + ﬂ(t"-—tno)] A
.

If, as has beer mreviously stated, the calibration tem-
vneraturs of the meter 1z considered to be the datum then at
’ this datum equstion (8) reduces to: (for ty = tuos

Ax
B, = n(0.02186 + 0.0000306 ty )  --9 %g (9)
[o]

An inspection of equetions (8) and (9) reveals that for

a glven value of SE the voltage generated by the thermonil
will be cifferent if the heat meter 1: at a temmeraturs othe
than thnt ~t which it wa=: calibrated. Thus enuations (3) an
(9) indicate the marasr in which the neat-weter electromotiv:-
“orce varle: with haot-meter temnarstuvre. An exHres-ion for
this v=riation ir terms of the datum con'ltions mAay be ob-
t.irced by dividian~ equation (9) by equation (&) resulting in:
- - -
0.02186 + 0.0090306 ty 1+ alty-ty )
By = B | ~m-—mmmmmmmmommooo—eo2@ | oDl 020 | (10)
0.C2126 + 0.0007°305 ty | 11 + B(ty-ty )

Junno~*s th't dat~» *rc taken "hen thi meter temvnrrature
ty 1o at -60° F nnd the calibretion i3 kno'n for
4

by, = 160° ®. The tharmal coefficient of exn~nsion PR 4in
the ebovs-mentioned exwreasilon is 0.C002167 é%; for the

above-mentioned temper-ture differsncse, tha exoresaion
-
Pl o+ B(tn - tHo)] vovld change oaly 0.3 pe=rcent, indicating

hat Ax vAarles inamoreciably. A survey of the literature
revenled no substsantial datan on the thermal conductivity of
hakellite. An insmnection of tables of thermal conductivity
for othsr nonmetals indicates that the thermnal conductivity
coefficlant ¢ 18 usually very small. o for the first ap-
nroximetion o 13 considered to e zero, so that ths thermn:
conductivity k nay be taken to be = cnnstant. Tavation (1
Wwlll now be numerlcelly evaluated. TFor a glven rate of heat
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q .
flow ]F and the above-stated temperature conditions, the

generated voltage at tHO = 100° P is 1,24 times the volt-

age at ty = -60° ¥, Therefore, the multiplylng coefficlent

of 1,24 must be applied to the voltage measured at
ty = -60° P before the data may be evaluated in terms of

the calibration established at ty = 100° F. TFor any heat=
meter temperature equation (10) reduces to:

(11)

Bo = ¥ |5 52186 + 0.0000806 by

0.02186 + 0.0000306 ty
0,02185 + 0,00C0306 tH

The term ( ) in equation (11) is de-

fined as the multiplying coefficient ~ that 1ls, the quantity
by which the heat-meter voltage must be multiplied 1in order
to obtain the correct heat rate through the heat meter at
the now temperature.

Figure 1 presents curves of the variation in the multi-
plying coefficlent over a range of temperatures. The curve
t0 be used in any particular case 1s the one which is marked
with the temperature at which the particular meter callidbra-
tlon was accomplished, VWVhen the heat meter 1s used at the
calibration temperature tHo the multliplylng coefficlent

is equal to unity,

2. Experimental Verification

In order to determine the accuracy of the prediction of
the change in the calibration of the heat meter as a funo-
tlon of temperature when the calibration at one temperature
i1s known, 1t was necessary to calibrate over a range of
heat-metor temperatures. Data on heat-meter calibrations
over a range of meter tomperaturos from =1° to 129° ¥ wore
obtained as the result of the experiments described below,

Initlal attempts t0 perform low~temperature calibdra-
tlions on the heat meters were unsuccessful; principally due
to the fact that the first cold chamber used was too small
resulting inp large free convection currents, This flow
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conditlon created s vertical temperature gradient along the
heat meter moking it impossible to obtain a calibration,

The use of large constant~temperature cold rooms became
necessary. 4 typical low-temperature room is shown in fig-
ure 3, To0 prevent sudden large &rops in tewmperature in the
inner room upon entering <from the aisle whioch is at room
temperature, an anteroom 1s sltuated between the alsle and
main room, The temperature of the anteroom is somewhere be-
tween that of the main room and tnat of the misle, The tem-
porature of tho rooms is thermostatically controlled, and
the refrigeration is saccomplished by the cirOulation of
brine, The control was gensrally within =1° ¥,

Calibration data wérs taken in three cold roams the tem-
peratures of which were malntained at -30°, 0°, and +20° T,
The calibration ieater with the two heat meters nounted upon
1t as schematically shown in figure 2 was placed upon the
concrete floor of the c¢old room. The control panel lncluding
rheostats, meters, and potentiometer was located in the alsle,
Power leads, thermocoupls leads, and voltmeter leads from the
calibration hester to the control panel were drought out in a
cable., This arrangement made it possible to operate the
equipment and take data in the alisle; 1t was only necessary
to enter the cold rooms when assembling or dismantling the
equlpmont, The center of the room probably would have been
e more desirable location for the calidbration heater; how-
ever, the nresence of othor matorial and equipment in the
room nade this impossible, )

The two heat meters, UC~21 ard UC-~22, used in the check
calibratlon nossessed the same datunm calibration of 19.5 )
Btu/hr £t° mv at ty, = 104° ¥, These heat metors were cal-

ibrated under the three different given temperature condi-
tions, The expsrimental multiplring coeffioient for the new
temperature was obhtalned by dividing the thermopile voltage
at its datum temperature by the thermoplle voltage at the
noew temperature for a glven rate of hoeat transfer, Table I
oxhivite the calidration results in the low-tomperature
rooms,
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AS A FUSCTION OF HREAT-METER TEIMPERATURE ¢

TABLE I

EXPERIMENTAL AND PREDICTED MULTIPLYING CORFFICIEITS

M
Heat-meter Exverlimental Predicted
temparaturs, tH multislyinz multinlying

cosfficlent coefficlent?
(°wm)
Heat meter UC-21
-1 1.107 1.142
2 1.077 1.12°2
43 1.109 1.076
47.5 1.090 1.070
63.3 1.090 1.059
Heat rmeter UC-22
1 1.107 1.14%0
15 1.077 1.117
4 g 1.000 1.079
50.5 +986 1.055
08G.5 .986 1.040

l1F¥rom equrtion (11)

The predicted multiplying coefficlent piven In equation

[0.02186 + 0.0000306 %y
(11),

the exjerimental multinlying coefficlents in Figure Y,
Since both heat meters (UC-21 and UC-22) were cnlibrated at
by = CU4° B with a resulting calibration ccnstant of
‘0 .
19.5 Btu/hr ft? mv, only ons predicted curve for the multi-
plyin: coaificlent resultsd., Tha exm:rimental nolnts scat-
ter on both sldes of the prerdicted curve with a maxiaum de-
viation of about 7 percsnt. Tha sprand of the points whilch
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exhlbited the grentest deviation from the predicted curve
can be attributed to the fact that experimental data were
taken 1n rooms subject 4o varying temperature conditlons; at
times 1t ves necessary for the personnel of the laboratory
to enter these low-temparature rooms, and thus sudden tem-
perature translents resulted.

Whoen the two hoat meters and the whole calidration unilt
had reached the steady state of heat flow, the proper data
for callbratlon were taker, If, during the calidbration, the
alr temperature suddenly varied due to alr currents, a tran-
slent state of heat flow resulted, If resdings were made
during these transients, errors resulted., The variation in
temperature distribution under these conditions will be con-
sldered in a forthcomings report. The maxlmum variation ob-
served 1n the thermopile voltage reading was 2.5 percent,
Tre maximum variation ir the reading of the thermocouple
located undor the firast lamiration of the hosat metor was
£0.,5 percent. In the calibration of the haat meters one
postulate made ig tnat the sum of the air-heat meter inter-
face resistance plus the first hoat-meter lamination resist-
ance is tks same for both heat meters. (See fig. 2.) The
callbratlon constants of the two heat meters were odtained
by apportioning the rates of heat flow in terms of the tem-
peraturoc potential across the resistance which includes the
air-heat moater interface and the first heat-meter laalnation,
These thermal resistances were considered equal for both
heat moters, However, when one of the two Lhea’ meters being
calibrated Las a greater surface temperature, the air-heat
meter interface resistance 1e less for that heat meter since
the unit thermal conductance for froe convootion and the
unlt thermeal coaductance due t0 radiation are vroportional
to the dlfference in tomperature betwoen tho surfaco and
anblont air tomporatures, Tho varlation in tho unit thormal
conductanco for freo convoctlion and radlation which rosultoed
during tho colidbration runs was *2 porceat. Tho variation
in the value of the unit thermal conductances along the heat
meters durlng the calibration test causes a slight error 1in
the magnitude of the heat-meter calibrastion constants.

The composite effect of these experimental variations
can be shown to be as great as =7 percent.
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II, OCHTACT AND EBAT-!ET2ZR RESISTANCE OORRECTIONS

Vhen a heat meter is placed in a thermal circuit, a
correctlon must be applied to the measurement of the rate -of
heat transfer through tre heat meter to yleld the rate of
heet transfer whigh occurs without the heat meter in the
eircultb.

SIMBOLS

f unit theriial convectlve conductance from heat meter to

Gy
fluid a% temporature T,, Btu/hr £%3 °p
fe unit tbormal conveotive conductance from wgll to fluld
0 at terperature T,, Btufur f£t3 °F

+Hy

equivalent unit thermal conductance for radiation from

rl -y
the heat meter to surroundings, Btu/hr £t °F
4
Ts
0.173 Fpy ;)
£ = 10
T
1
(t:-1 - T,)
fro erulralent mnit thermal co*duatanca for radiation from.

wall to surroundinge, 3tu/hr f£t°

r T, -
_ J.me "wt<1o;) - <1oo ]

(tw' - Tc)

fro

¥ rate of heat transfer per unit area through the keat
A " meter, Btu/hr ft3

Jo rato of heat transfer per unit area through wall when
4 meter is removed, Btu/hr ft®

Ry thermal resistance of core and outer lamination of heat
neter, °F/Btu hr
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ty tenperature of heat meter given by the heat-meter
thermocouple,

tenperature of the portion of the ¥all covered by the
heat meter, °r

ty! temperature of the wall adjacent to heat meter, dut not
covered by 1t, °p

(f°o * fro) (£°1 * f1‘1) A

T tenperature of fliuld on far side of wall, °p

T temperature of f£luld on pear side of wall {side of wall
on which heat meter is placed), °p

TAE modulus which includes effect of enissivities and geo~
notrical configuration of rediating bodios in equa-
tion for £,

-0
TH' absolute temporaturo of outor surface of hoat metor, R
o
m abvsolute temperature of surroundings, R

A area through which hset 13 being transferred, ft°

fcl( olnt) local or point unit thermal convectlve condusctance
n
P from heat meter to fluld at temperature T

3 e’
Btu/hr £t~ °OF

u, free-stream velocity of fluid across heat meter, ft/sec

ty! temperature of outer surface of heat meter, °p

G welght rate of fluld per unit of cross-~-sectional area
' = ( u, Y 3600), 1b/hr £t2

Twvo methods of making the above-mentioned corrections
are derived in reference 1, Oorrection method I may de ex-
pressed as follows:



NACA ARR No. 4HO9 13

10_ - .q£ __—.__—Ta' - tw' (12)
A Th T, -ty

Oorrection method II may be expressed as follows?®

ay
5_;2.;- - A - - (13)
-4 £ -t
1 - A “" “!+A3 + AAR
|Ta = Te| | 3y "
A

It 18 desirable to know some of the limitations on the
use of the two correction equations (12) and (13). It 18
important to recognize which of the two correction methods
is usable as a funoction of the location of the heat meter
(on air-stream side or still-air aside).

It 1s also necessary to know how large the heat-trans-
fer correctlon for heat-meter and contaot resistance is when
the heat meter is faestened itightly sgalnst the cabin wall of
an alrplane in flight.

Because the equation for correction method I requires
the mensurenent of thres temperatures, it 1ies important to
locote the heat meter no that these temperature measure-
ments can be made accurately. In using correction method II
the evaluation of the term AR 1in equation (13) requires
consldergtion, If the urit tkhermal conductance due to con-
vectlon and the equivalent unit thermal conductance due to
radiation of the wgll are the same as thoe unlt thermal con-
ductance due to convectlon and the equivalent unit thermal
conductance due to radiation of the hegt-metsr surface, the
quantity AR 18 oqual to sero, In somc casocs theso con-
ductances along the wall gurfgeco may be d4ifforent from tho
sorrosponding condunctancoes along tho hogt-meter surfacg, in
which case the term AR may be estimated. Of course, 1f
the unit thermal conductsnces (fco. fro) in the term AR

are accurately known, 1%t is not necessary to uase a heat
meter as a means of measuring the rate of heat transfer, as
the heat transfer mey be calculated from the known conduct~-
ance and the temperature potential (wall temperature minus
contiguous~-fluid temperature). In most cases when the unit
thermal conductances are not accurately known, approximate
valves can-be used t0 evaluate the term AR %o be used in
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The correction methods I and II were checked for a typ-
ical system of heat lose from an uninsulated eirplane oabilin
in flight, The unit thermal oconductence for free conveotion
and rediation is approximetely 2 Btu/hr £t2 °F inside the
cabln; whereas, the unit thermsl conductance for forced oon-
vection and radiation on the outside may be from 6 to 20
Btu/hr £t3 °F, To simulate the above-mentioned conditions
hot alr was blown through a duct at such a veloclty as to
produce a unit thermal conductance for forced conveoctlion and
radiation of about 6 to 10 Btu/hr £t® °F. The outside of
the duct was exposed to stlll air yilelding a unit thermal
conductanceofor free convection and radlation of about 2
Btu/hr £t "¥, The heat meter was placed on elther side of
the duct well exposing the instrument elther to the air
satream or stlll air, On the still-air side, spacers were
placed between the heat meter and the wall in order to deter-
mine the effect of the method of heat-meter attachment or
character of the surface upon which the meter may be placed.
Figures 6, 6, 7, 8, 9, and 10 present photographs of various
views of the duct and of the heat-meter mountings. TFour
thermocouples attached to the duct~wall surfacs and spaced
around the heat meter were used to obtain an average temvera-
ture of the wall adjacent to the heat meter but not covered
by it. It was necessary to average the four surface tempera-
tures because o0f the existance of small temperature gradlents
upon the surface of the duct wall, Thoe temperature of the
duct-wall surfaco under the heat neter wes measured with a
thermocouple mountcd upon the surface, DIuct-well surface
tomporatures wore obtained accuratoly to *0,1° ¥, The mixod
moan tompornturos of tho hot alr boing Dlown through tho
duct woro also moasurcd to =2.0° ¥,

RESULTS

When the heat meter was fastened to the gtill-air side
of the hot-alr duct wgll without a spacer between the well
and meter, the haas~transfer correction due to contact and
heat-meter resistance was a maximum ¢f 7 porcent uslang cor-
rection methud I &nd 19 percsny using correction method II,
The emissivisles, and thus the values of fro, &nd fr_, of

the heat metn1 ard adjacent dvet-wall surfaces were knownj?

1In an ettennt 9 nalke the emiuplvities o She Cuei-wall
anfl heat-melsr ruvriaces the same, both were painted wlth one
coat of flat—-black paint, The emissivities of the two
(Qontinuad on neovt meea)
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the unit thermal convective conductances f,, and fg,

were belleved to be equal and known approximately, thus the
quantity AR 4in equation (13) was evaluated.

With the heat meter on -the gtill-plr pgide, bakellte
spacers of 1/64, 3/64, and 5/64 inch in thiockness were used
to vary the contact or ailr gap resistance for a constant
rate of heat loss from the duc¢t wall. The rate of heat
transfer through the heat meter required a correotlon of 33
percent when the alr gap botween the duct wall and the heat
motor was 6/64 ingh, eovaluated according to correction meth-
od I. OQorrection method II was not used for this case be-
cause the values of the emisgivities used to evaluate AR
wvere not lnown,

When the heat meter was placed on the hot-alr side of
the duct wall (wiihout a spacer) a maximum correction due to
contact and heat-meter resistance, to the rate of hoat trans-
fer through the heat metor, of 5 percent was needcd, using
corroction mothod I, The corrosponding oorrectlion using the
corroctlion metahod II was 7 percont, The unit thormal con-
vectlve conductances (fc1 and fco) were ostimatod by means

of equations (23) and (24) of reference 3, The equivalent
unit thermal conductunces due to radiatlon (fp ~and £ )

wero zero because the ailr duct wes at a2 uniform temperaturee.
Tabuleted results are shown in tables II and III,

DISOUSSION

If the heat meter 1s attached to the alrplasne cabln
wall on the plr~-siream aid.e,a the unit thermal conductance
fo along the wall would be different from the £, along
the heat neter due to the fact that the alr flowing over the
heat metor would inliiate a new retarded layer (roforonco 4).

(Continuod from preceding pago)

palnted surfacos wero thon dotoerminecd exporimontally and
woero found to doviate from oach othor by 5 porcent. Appar-
ently tho surface asporitios of tho motal wall 2nd tho bako-
lito woro not complotoly covored by tho paint,

21f the heat meter is placed on the still-alr side, the
fa along the wall and along the meter also may differ, IXven

though this difference probably would YHe small.'its effect
may be large due to the fact that the fg's of small value

are the controlling resistances to heat transfer.
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Data on heat-meter and contact resistance correctlon
were talten when thie heat meter was placed on the alr-atrean
side of the duct wall. In an attempt to make the unit ther-
mal. conductances due to convestion (fo, and f£,,) equal, a

beveled approach section 1 inch in length was Joined %o a
4Va - by 472~inch heat nmeter.

|
Alr gtrean —m%
Beveled approach section
/{_ \Heat&met'er SN .
Z///f/ Ductwallf//fJ-Z“,a
10 e 43 ~

Still air
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QO/A
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od I, equation (12). The equivalent unit thormal conduot-
ances due to radiation (fr, and fr,) voro approximately

equal to zero becauso the inside duet surfacee wore at a
uniform temperature. Upon making these substitutions into
cquation (13) the percentage differonce betweon the unit
thormal conductancos duo to coanvoction along the moter f£f4,

and along the wall £°o was found to be about 70 percent

The valuo of was obtained by using correoctlion meth-

(vased on feo,). 4n attempt was made to predict this devia-
tion by equations (23) and (24) of reference 3. The unit
thermal convective conductance along the duct wall was sval-
uated from an equation for flow in a straight smooth duct.
The unit thermal convective conductance along the heat meter
was evaluated from an equation used for the flow along a
flat smooth plate. The predicted percoentage difference dbe-~
tween tho fg, and f5, obtained in this manner was 63

peraent,

An inspection of the term AR in equation (13) reveals
that this term may bPe elther positive or negative depending
upon the magnitudes of the thermal conductances (foo' £oq0

fro» and frl). If AR 1318 negative, the added thermal re-
slstance in the ¢ircuit is reduced,

Durinz some 0f the tests when no spacers were plzced
between the heat meter and the duct wall, excessive pres-
sures wvore applied to the heat meter., Under these ocondl-
tions the correction to0 the rate of heat transfer due to
heat-neter and contact resistance was about 1 percent.

CONCLUSIOXS

l. When the contact and heat-meter resistances are
small compared to the remainder of the thermal resistance in

T. ~ t4!

the circult, the correction quantities 2 L or
Ta = tw

- 1

qH/A itw - tﬁ’ .
1-,1_3_1_“’( ay/ A -+mH+MR)

are very oclose t0
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unity. The meximum correcotion needed for the data taken in
the laboratory without a spacer was 10 percent. Thus, 1f a
heat meter 1s attached tightly to an airplane wall sc as to
vield a small contact resistance, and if one of the two unit
thermal conductances is approximately 2 Btu/hr ft° °F (still-
alr side), only a 10 percent error will occur if the correc-
tion to the heat rate indicated by the meter is not applied.

2. One condition necessary in using correction method 1
is that the temperatures present in equation (13) must be
measured accurately. The accurasy necessary dsepends upon
the magnitude of the heet-meter and contact resistance cor-
rection. When the quantities (Tg - ty) and (T, ~ ty') in
equation (12) are small and very nearly the same, a slight
error in the measurement of ty or ty' will yileld a large
error in the heat-meter and contact reslstance correction,
The heat meter proovably should be placed upon that side of
the wall opposite to where the fluid temperature T, can be
evaluated most acaurately, The temperature differences
(Tg ~ tw'!) 2rd (T, - ty,) are the largest when the heat meter

is on the side of the wall ocontiguous to the fluld having-
the hizhest unit thermal conductance. However, for this con-
dlitlon the flow of hLhoat ground the heat meter will be
greater,®

3. If the term 4R 1in eguetion (13) is equal to zero,
1t 1is a sinple niatter to use correction method II. If an
alrplanse cabin wall is equipped with insulatlion, the dest
Place to put a hezxt meter 1s between the cabin wall and the
insulation, because in this case the term AR 1s equal to
zero, 4lso, if a hZeat meter is mounted on the inside of an
airplane cabin well and the cabdin is at a uniform tempera-
ture and no forced convectlion currents exist, the equivalent
unlt thermal conduotances due t0 radiatlon along the heat
meter and along the wall adjacent to the meter %fro and Ty, )

will bo nearly sero, and the corresponding unit thermal con-
ductancos due to convection (fco and fcl) are noarly the

30orrection methods I and II have beon dorived on the
basis o0f unidirceotional heat flow, If the thermal roesist-
anco of tho added hcat-metor and contact rosistanco is
largo onough so that an appraeciablo amount of tho hoat flows
around tho heat motor rathor than through it, esquations (12)
and (13) alone omn no longer be used; additional corrections
descrlibing this phenomenon must be applied,
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same; thus the term AR, of equation (13), is nearly rzero.

If the unit thurmal conduvectances contalned in the term AR
are arproximately known, the correction eruation (13) can be
utiliged by using these amproximations in the evaluntion of
AR. If the temperature differemces (T_ - t,) and (T, - t,')

in the correction equation (12) are smrll, and if tha accu-
racy 1n measuring the temneratures ¢, and t,' 18 not

4

sdequate, large errors 1n the ratio k;-——-;-- may ocour;
a Wy

under these condltlong correction method II must be used
even if . AR 18 orly very apnroximately known. An evalua-
tilon of thls correctior method Dy a trial and error tech-
nique 13 presented in the avmendix. Also A samnle caleculs-
tion of the acouired data is mragsented.

4. If temrerature gradlents exist umon a surfrce
through vhich tke heat transfer 1s belng measured by means
of a heat meter, tho toiterature of tho surface edjJacent to
the heat mater (i,') must be determined by avoraging the

temperatures maasvred by several thermocounles znaced
equszlly around th:s heat mcter.

University of Californila,
Berkeloy, Cnlif., Nov-.mber 1943,

APPENDIX

The followins 18 a samnle calcvlation 1llustrating how
the rate of hoat transfer 1s corrected for contact and heat-
meter resistance. Tho data from Run d4-5 of table ITI will
be used,

by = 1k1.50 ¥
t, = 133.7° F
t,' = 136.4° F
T, = 79.5° F
T = 14g° m
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q
]F = 66,4 Btu/hr £t°

ARy = O, 010 132 °r (obtained from calibra-
Btu/hr 4ion for this partic-
ular heat meter)

Uaeing llethod I;

(12)

bl.;_'?lﬂf
]
aga
[ ]
] {
ct | ct
"-
!

1o :
A _ [79.5 - 135.4] - 56.9 . 3,05

79,5 - 133,7 54,2

43

Jf the temperaiure differences in correction equation
(12) were small and if the acouracy in measuring the tem-
peratures t,, and &,' were not adequate, large errors in
Ta = tw'
the ratio —— might occur; under these clrcum-
Ta = by -
stances the following trial and error solution can be used,
The term (fco + fr ) in the quantity AR 1s estimated, The

term (£o. + fp,) 18 known because the heat transfer through
the heat meter and the heat~meter surface temperature and
anbient alr temperature diffe-ences are known, ¥rom the ap~
proximated term AE thus obtalned, the correction ratio

/A

EQTI can be evaluated., Since the rate of heat transfer
M

through the wall and a correepvonding difference in tempera-
ture between the wall surface and the ambient alr are known,
a oalculated value of the term (fg + fp ) can be obtained.

Thus by trial and error the ostimated valuc of (fco + fro)

18 adjustoed until it 4is equal to tho calculated one. hence
the term AR can be evaluated.
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By the use of the equation for the unlt thermal coanvec-
tive conductance for atraight smooth duocte (reference 3,
equations (23) and (24)) the term fg, was estimated to be
.near 7 Btu/nr £t? °F,

Tirnt Trial

try o

(£o, + fro) = 7 Btu/br £t° °F
vhere

£,°=0

t! = -(tu‘ - ty) * ty = 0,7 + 141,656 = 143.30 7

where
ty:! = by = ARy (M) = (0.010)(66.4) = 0.7° T
% M 3y
\-
u
r SU— = —B86s% 13,1 Btu/nr £t® °F
2 Te = tlf' 148 - 1423
or
(fo, + £r,) = 11,1 Btu/hr £t° °7F
since
£,, 5 0
AR = (£o, * fr°2 - (£q, + fr;) I TS A
’ (£5, * £2 )(£, + £3.) (7)(11.1) .
From equation (13)
%o
A o _
ko 4 Iy
a it ~
1l - X . l_!_*__ﬂl + Anh + AAR
Ta = To| Iy
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q

29
2. = 1.08
e
A
1 Iy 2
N 1? = 5 (1.08) = (66.4) (1.08) = 71.6 Btu/hr ft
tut
%9
4 1.8 5.96 Btu/hr ft2 OF
f f = =Bl = l222 . = 5,0 r
( €o * ro) Te = by g - 136 7 h

and tha trial v.lue was 7.0C Btu/hr ft° °OF

Second Trianl

try
(f, + £. ) = 5.8 Btu/nr £t* °F
(o] 0
whero
E. =0
I‘O
s AAR = 5:.@_:_}}-’-.]—' = .0.082
(5.8)(11.1)
From equatlon (13)
29
A 1
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dut

9o
4 _ = 1,05
4 .
A
. 3% _ iy 3
uiallre (1.05) = (66.4)(1,05) = €9,5 Btu/hr f4
q'O

(fo, + £r.) = A = 695 _ = 5,8 Btu/hr £t° °F

The second trial valuse of (fgo + fr,) was 5.8 Btu/hr £t2 °r
g0 that the value of

is

2.

3.

L.

Ao
_i—.= 1.06
au

A

correcte.
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TABLE II.- SUMMARY OF EXPERIMENTAL DATA

24

"Bun Ta

by tw' .qIH.. Te Ty

G=u,Y(3600)
(°r) °F) (°F) (Btw/nr ££°) (°F) (°F) (1v/br ££°)

Remarks

A. Heat meter on still-alr side
a~l 177 165.0 164.0 123 g4 142.,5 10,500
2178 165.0 164.4 1k st 150.0 10,500
4 178 169.0 166,0 103 84 135.8 10,500
5 180 168,0 167.0 ~ 121 g4+ 1b45.0 10,500
6 180 169,0 168.7 139 g4 151.0 10,590
b-1 179 16€1.0 160.0 133 83.5 139.0 11.5801 -
2 181 160.8 159.& 132 83.5 139.6 11,5%0 A relatively large
4 186.5 165.4 165. 1 88.0 151.9 11,580 | amount of pressure
5 189.5 168.5 168.2 1h2 g3.5 152.1 11,580 / was wmut upon the
6 194 167.5 167.5 154 9.0 151.0 11,580 Leat meter.
8 187 168.1 168.0 156 89.2 150.4 11,580
3 The surfaces of
e-2 160.0 111.5 140.0 110 81,5 130.4 11,070
3 159.0 141.2 139.8 107 g2 129.7 11,070 ooo hest meter and
4 159.0 140.1 139.0 121 82.5 131.5 11,070 vith flat_ﬁlack
5 159.5 1k1l.2 140.0 119 83 133.5 11.o7od paint.
B. Heat meter on sir-stresm side
d-2 78.0 145.0 146.8 71.0 162 1h2.2 6,720
a 79.0 1k3.5 1L5.5 72.0 161 151.5 6,720
79.0 133.0 135.4 66.0 146.6 1ho.2 9,510
5 79.5 133.7 136.4 66.L 18 1.5 9,510
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TABLE IIT.- SUMMARY OF CALCULATED RESULTS

Fun Correctioh -~ Carrection 'iﬁfoar

method I  method II Be) Hemarks

A, Heat meter on still~air side

a-rl 1l 008 3/6"'
2 1.05 1/64
4 1.33 5/64
5 1,08 3/64
6 1.03 ) 1/64

. hj

b'é i'gg ) 3/2llr A relatively lerge arount
g }'gg i;gh > of pressure was put upon
g i'gg g J the Leat meter.

c-2 1.08 1.13 1/6h\ The surfaces of the heat
i 1.08 1.1 1/64 > melor and tke wall were

1.06 1.10 0 peinted witk flat-black

5 1.07 1.09 0 peint.

B. Heal meter on alr-~stresm side

a-2 1,03 1.0 o}
i 1,0 1.0 (¢] The hot—alr rate
1,0 1-06 0 was varled.
5 1.05 1.07 0
Correction method I:
4o .
A {Ta = ty' (12)
H o {a
a w
Correction method II:
Qo
- 1 (13)

q
-'gl 1 - % lt'ﬂ' = tiI' + ARy + AAR
[re - Tl \ P "




NACA ARR No. 4HO9 . Figs. 1,2

L4

4.2 IWMM

Calibration
Tamp.- 4: °F
= 125
/ \
/”./ iWﬁ\\:w

_ B S
0.8 95

/

MULTIPLYING COEFFICIENT

0.6
0.4
0.2
(o]
-80 -40 [0} 40 80 120 160 200 240 280
HEAT METER TEMPERATURE -~ ai .-ﬂ
Fig. 1. - Multiplying Coetticient as a Function of Heat Meter
Temperature (from eq.1l) for any Bokelite Heat Meter
Containing o Silver-Constantan Thermopile Element.
[ 3
5 " s
] . . s 2
[ ™ - ® - o £
£, % % ] 2 - )
£z 3 % ° S s £
-0 g T oﬂu fC o -
$£E : 8 2
= L L
\ ) N H
N L d
°
0 2
/ / \ 1 3
\ // : /. N
./ _— / _ﬂ/lrﬂ - Y < ’I / M
Bl @7 37 NN S==S === ANEIEEN =
— — X L L LA LT LA A 2
- T T ‘a LT =
- . [
/6 v 5 .
— ——— DOV W LSS LT 7 AR 2
/ . ~ <X = < (/]
b shN N S NN T dcg o
/// 3
N 13
N £
S »
«
M " - J / ,,
-Onl — 2 £ o~
IE s ° & o
(2]
s st 2 <Y |5 B
- naw £ * 2
8 S e



NACA ARR No. 4HO9 - Figs. 3,4

©
-
=
£
1)
]
3
£
€
o
e
& 8 e 53
A o w o ®e -
-( @ i" ﬂ!tl. oq. En E E
2] - i S «© 32
HI e E3
£ < < s©°
- [ 4
3 S s
5 r-—- <z
= N J l o
8 3 —1 E H
i'e ® >
3= 5: a €
1sa, 1
o 0,
L_J c
121 T—
—]
\;‘_\_\\ .o . predicted curve from
o+ —~ equation 1| (tv‘= 104°F)
1.0 +5 ¥ 4 -
-
x
= oﬁf
(2]
w . heat meter uc-u
-
g + heat meter uc-2t
© o6
0
z
5 .
)
&
£ .
-4
=
3
0.2
o
-80 -80 —40 -20 o] 20 40 60 a0 100 120

HEAT METER TEMPERATURE t, ,°F
Fig. 4 —E xperimental and Predicted Multiplying Cocffic.lonn os a Function
of Heat Meter Temperature for Two Typical Bakelite Heat

Meters.




NACA ARR FNo.4HOS Figs. 5,6,7,8,8,10

Figure 5,6.— The heat meter and its clamping device as view-
ed inside a section of the duct work.

Figure 9.— The traversing Figure 10.— The .heat meter

thermocouple and clamping
used to obtain a tempera- equipment as attached to
ture distribution of the the still-air side of the

hot air. _ hot air duct.




